Abstract. The involvement of protein oxidation in embryonic mortality (EM) has been poorly investigated in cows. Advanced oxidation protein products (AOPP) are markers of protein oxidation generated by activated neutrophils and involved in inflammation. The aim of this work was to study AOPP in cow plasma and their relationship with late EM. The outcomes of 158 artificial inseminations (AI) were examined in 72 cows, which were classified ex post on the basis of blood progesterone and pregnancy-associated glycoprotein concentrations and clinical confirmation of pregnancy into the following categories: (1) positive (AIþ, resulted in pregnancy, n ¼ 58), (2) negative (AIÀ, did not result in pregnancy, n ¼ 86) and (3) embryonic mortality (EM, n ¼ 14). Plasma protein fractions, malondialdehyde (MDA), total glutathione and AOPP were measured at AI (Day 0) and on Days 15, 28, 35, 45 and 60. MDA was significantly higher in EM than AIþ and AIÀ animals on Day 45, and than AIþ animals on Day 60 (Po0.05). Mean plasma AOPP concentrations were significantly higher in the EM group (Po0.01) and the ratio of AOPP : albumin was significantly higher in the EM group on Days 15, 28, 45 and 60 (Po0.05). Based on the temporal pattern of the AOPP : albumin ratio, we propose that oxidative stress is implicated in and may possibly be a cause of EM.
Introduction
Embryonic mortality (EM) represents a major limitation to fertility in the modern dairy system. In particular, late EM occurs between Days 24 and 42 after artificial insemination (AI) and accounts for ,5-10% of pregnancy failures (Mann and Lamming 1999) .
Despite extensive investigation, the causes of EM are not fully understood, and several factors have been suggested as being implicated in this phenomenon: poor oocyte quality (Perry et al. 2002) , inadequate uterine environment (Gray et al. 2001) , asynchrony between maternal endocrinology and embryo development (Roberts et al. 1996; Goff 2002; Johnson et al. 2003) and maternal failure to respond to embryonic signals (Hansen 2002; Green et al. 2005) .
Reactive oxygen metabolites (ROMs) and oxidative stress (OS) seem to have a role in the cause and progression of several reproductive events in both humans and animals, such as fertilisation and early embryo development. Indeed, it seems that OS is responsible for embryo damage that can then result in embryonic death (Guérin et al. 2001; Agarwal et al. 2005; Fujii et al. 2005) . OS is the result of an imbalance between the production of ROMs and the neutralising capacity of antioxidant mechanisms (Sies 1991; Castillo et al. 2005; Tanaka et al. 2007) ; an excess of ROMs leads to DNA damage, lipid peroxidation, cell membrane alteration and protein damage (Sugino 2006) .
Radical-mediated protein oxidation is a complex process that may generate multiple products from amino acid residues and the peptide backbone. Oxidised proteins are often functionally inactive and they can be either more, or less, susceptible to protease breakdown, leading to accumulation (Dean et al. 1997) . In addition, they may activate the immune reaction and the production of auto-antibodies (Shanti et al. 1999; Kurien et al. 2006; Chou et al. 2008) .
Oxidative damage of proteins has been poorly investigated in domestic animals, and the characterisation of easy-to-use markers can be of great interest for investigators. Advanced oxidation protein products (AOPP) are novel markers of protein oxidation that were first described and characterised in the plasma of uremic patients (Witko-Sarsat et al. 1996) . AOPP are mainly generated by chlorinated oxidants, and an important contribution to their formation is given by myeloperoxidasederived chlorinated oxidants produced by activated neutrophils (Witko-Sarsat et al. 1999; Capeillère-Blandin et al. 2004) , thus also being considered mediators of proinflammatory responses. Interestingly, AOPP can act as mediators of OS and the monocyte respiratory burst (Witko-Sarsat et al. 1998 ) and activators of neutrophils in humans (Witko-Sarsat et al. 2003) . Recent studies have shown that the concentration of AOPP increases in dairy cows when they are fed maize silage (Celi and Raadsma 2010) and in growing dairy calves (Celi and Robinson 2010) .
To the best of our knowledge there are no reports that have evaluated the relationship between late EM and oxidative stress in vivo in dairy cattle. Such studies may help to explain the increased rates of EM in dairy cows. Thus, the aim of the present paper was to investigate the occurrence of AOPP in the plasma of dairy cows and their potential relationship with late EM, diagnosed after Day 25 following artificial insemination (AI). As inflammation can exacerbate oxidative stress during times of high metabolic demand (Sordillo et al. 2009 ), the metabolic profiles of the animals were also monitored.
Materials and methods

Animals and experimental design
This study was conducted over a period of 10 months (between February and November 2006) in two dairy farms located in the Pianura Padana, Northern Italy. Over the period of the study, the outcomes of 158 AI were examined in 53 Friesian (Farm A: n ¼ 38; Farm B: n ¼ 15) and 19 Jersey (Farm B) dairy cows. In both farms, animals were milked twice a day and were homogeneous for milk yield (Herd A ¼ 33.7 AE 9.6 kg per day per head; Herd B ¼ 30.1 AE 14.3 kg per day per head). Cows had free access to water and received ad libitum a total mixed ration (TMR) balanced to meet the nutritional requirements of lactating cows (NRC 2001) . Animals included in the study did not show clinically evident signs of diseases, such as endometritis and mastitis, during the whole experimental period.
Blood samples were collected at AI (Day 0) and on Days 15, 28, 35, 45 and 60 in heparinised tubes to measure plasma concentrations of progesterone (P4), pregnancy-associated glycoprotein (PAG), total proteins, albumins, globulins, urea, glucose, cholesterol, triglycerides, NEFA, bOH-butyrate, malondialdehyde (MDA), total glutathione (tGSH) and advanced oxidised protein products (AOPP). In addition, as AIs were performed during an extended time interval throughout the postpartum and the physiological phase could have affected the parameters under investigation, samples were grouped into six postpartum phase intervals: Day 35-60, Day 61-90, Day 91-120, Day 121-150, Day 151-180 and after Day 180.
The AI outcome was classified ex post as positive (AIþ, AI resulted in pregnancy), negative (AIÀ, AI did not result in pregnancy) or embryonic mortality (EM, AI resulted in late embryonic loss) on the basis of PAG and P4 concentrations in the maternal blood between Days 15 and 60 (Szenci et al. 1998) , and ultrasonographic assessment of the presence of a viable embryo on Day 45-46. Confirmation of pregnancy was performed by ultrasonography or trans-rectal palpation on Day 60-65. Plasma PAG concentrations higher than the threshold of 0.8 ng mL À1 (López-Gatius et al. 2007) on Days 28-35 were interpreted as the occurrence of conception. If plasma PAG remained higher than the threshold on Days 45 and 60, and the presence of a viable embryo was assessed on Days 45-46 and 60-65, cows were classified as AIþ. On the contrary, when plasma PAG concentration decreased by Day 45 (Szenci et al. 2003; Serrano et al. 2009 ) and remained under the threshold on Day 60, and a viable embryo could not be detected at ultrasonography on Day 45-46, cows were classified in the EM group. Examples of P4 and PAG profiles in one EM cow, one AIÀ cow and one AIþ cow are given in Fig. 1 .
All procedures were carried out in accordance with Italian legislation on animal care (DL n. 116, 27/1/1992). 
Progesterone and PAG assays
Plasma progesterone was measured by the specific microtitre radioimmunoassay (RIA) as previously described (Battocchio et al. 1999) . The intra-assay and inter-assay coefficients of variation (CV) were 7.02 and 5.11%, respectively. Plasma PAG was measured with a RIA based on the method of Zoli et al. (1992) with the modifications described by Perényi et al. (2002) . The specific antibody was an anti-goat PAG 55kDaþ62kDa serum (AS#706) raised in the rabbit, and the bovine PAG 67 kDa preparation (boPAG 67kDa , accession number A61232; Zoli et al. 1991 ) was used as both standard and tracer (Perényi et al. 2002) . The intra-assay and inter-assay coefficients of variation (CV) were 3.50 and 8.80%, respectively.
Plasma metabolites
An automated clinical chemistry analyser (Hitachi 911; F. Hoffmann-La Roche Ltd, Basel, Switzerland) was used to analyse total protein, albumin, cholesterol, glucose, urea, triglycerides (Roche Boehringer, Mannheim, Germany), NEFA and b-hydroxybutyrate (Randox Laboratories Ltd, Ardmore, UK). Globulin concentration was calculated as the difference between total protein and albumin.
Oxidative stress indicators
The plasma concentration of MDA was estimated according to Yoshida et al. (2005) . Briefly, the reaction was carried out by mixing 0.2 mL sodium dodecyl sulfate solution (8.1% w/v; Sigma-Aldrich, Milan, Italy), 1.5 mL acetic acid buffer (20% v/v, pH 3.5; Sigma-Aldrich), 1.5 mL thiobarbituric acid (1% v/v; Sigma-Aldrich), 0.7 mL water and 0.1 mL plasma. The reaction mixture was incubated at 1008C for 60 min and then cooled in ice. One mL of water and 5 mL of N-butyl alcohol and pyridine (Fluka, Milan, Italy) were added (15 : 1 v/v). The mixture was centrifuged (2000g, 08C, 10 min), and the supernatant was measured spectrophotometrically at 535 nm. MDA (tetramethoxypropane; Sigma-Aldrich) was used to perform a standard curve ranging from 0.154 to 5 mM.
Total plasma glutathione (tGSH) concentrations were determined according to the original method described by Tietze (1969) with some modifications to adapt the assay to a microplate reader (Baker et al. 1990) .
The plasma concentration of AOPP was estimated according to Witko-Sarsat et al. (1998) . Briefly, AOPP were measured by spectrophotometry on a microplate reader (Spectracount; Perkin Elmer, Waltham, MA, USA) at 340 nm. 200 mL of plasma diluted 1 : 5 in PBS (v/v, 5 mM, pH 7.2) was placed into a microtiter plate with 96 flat-bottom wells (Perkin Elmer) and 20 mL glacial acetic acid (Fluka) was added. A chloramine-T solution (Sigma-Aldrich) was used to perform a standard curve ranging from 0 to 200 mmol L À1 . In standard wells, 10 mL of 1.16 M potassium iodide (Reagent Plus; Sigma-Aldrich) was added to 200 mL of the chloramine-T solution followed by 20 mL of acetic acid. The absorbance of the reaction mixture was read after 5 min against a blank containing 200 mL PBS, 10 mL potassium iodide and 20 mL acetic acid. AOPP concentrations were expressed as micromoles per litre of chloramine-T equivalents.
Data analysis
Data were analysed by the mixed GLM procedure (SPSS advanced models 15.0; SPSS, Chicago, IL, USA). The fixed factors were: farm (F), AI outcome (AIO), postpartum phase (PP), day from AI (D) and the interactions AIO*D, AIO*F and AIO*PP. The cow (C) within AIO*F was the random term. Differences between means were analysed by Bonferroni's test. Correlations between plasma OS indicators and plasma metabolites were expressed by the Pearson's correlation coefficient. In addition, first-order partial correlations controlling for the effects of AIO, F and PP were examined by MANOVA (SPSS advanced models 15.0).
Results
During the whole experimental period, pregnancy rate was 36% in Farm A and 37.7% in Farm B. Overall, 58 AIþ (37%), 86 AIÀ (54%) and 14 EM (9%) were observed. Cases of late EM were detected at 1st AI (n ¼ 5, AI performed between Day 39 and 84 postpartum), 2nd AI (n ¼ 4, AI performed between Day 83 and 96 postpartum) and 3rd AI (n ¼ 5, AI performed between Day 102 and 140 postpartum).
A significant effect of farm (F) was observed in plasma concentrations of total proteins (Po0.05), albumin, triglycerides and b-hydroxybutirate (Po0.001). The postpartum phase (PP) significantly affected the plasma concentrations of total protein, globulins (Po0.001), urea, NEFA (Po0.01) and cholesterol (Po0.05). The AI outcome did not show any significant effect on plasma metabolites. A significant F effect was observed in plasma concentrations of tGSH (Po0.01; Farm A, 2.7 AE 0.2 mM; Farm B, 1.9 AE 0.3 mM) and MDA (Po0.01; Farm A, 2.7 AE 0.8 mM; Farm B, 3.6 AE 0.2 mM). The AIO*D interaction affected plasma MDA that was significantly higher in EM than AIþ and AIÀ on Day 45 (Po0.05), and than AIþ on Day 60 (Po0.05; Fig. 2) .
A significant effect of AIO was observed in plasma AOPP concentrations (Po0.01; Fig. 3a ) and in the ratios of AOPP : total protein, AOPP : globulins (Po0.01) and AOPP : albumin (Po0.001). Moreover, a significant effect of the AIO*D interaction emerged when the ratios of AOPP : total protein, AOPP : globulins (Po0.05) and AOPP : albumin (Po0.01) were analysed. In particular, the ratio of AOPP : albumin was significantly greater in EM than both AIþ and AIÀ at Days 15, 28 (Po0.05), 45 (Po0.01) and 60 (Po0.001; Fig. 3b) .
The Pearson's correlation coefficients and first-order partial correlations controlling for the effects of AIO, F and PP between the plasma indicators of OS and plasma metabolites are reported in Table 1 . Plasma concentrations of AOPP and MDA were significantly correlated (r ¼ 0.313; Po0.001), even when firstorder partial correlations were examined (AIO, r ¼ 0.359; F, r ¼ 0.327; PP, r ¼ 0.387; Po0.001) . No statistically significant correlation was observed between plasma GSH and plasma MAD or AOPP.
Discussion
Oxidative stress can be a consequence of metabolic stress during the postpartum period (Pedernera et al. 2009 ); however, in the present study the concentrations of plasma metabolites were within the range described for healthy cows (Kaneko et al. 2008 ) and were not affected by the AI outcome. Therefore, no evidence of metabolic stress was observed in EM cows. Nevertheless, an increase in OS indicators (MDA, AOPP) was observed in animals that were diagnosed to have lost the embryo after Day 25. In particular, the increase in AOPP concentration, an indicator of protein oxidation, was clearly associated with EM, despite only 14 cases being detected. The plasma AOPP concentrations observed in EM cows were comparable to those observed in human patients with mild to moderate chronic renal failure by Witko-Sarsat et al. (1998) . In human plasma, AOPP predominantly derive from serum albumin and its aggregates damaged by OS. AOPP contain abundant dityrosines and disulfide bridges, which allow crosslinking, and carbonyl groups (Witko-Sarsat et al. 1996; Kalousová et al. 2005) . Preliminary results obtained in our laboratory suggest that serum albumin is the predominant oxidised protein contributing to AOPP formation in the cow (L. Da Dalt and G. Gabai, unpubl. data) . For this reason, we studied the plasma profiles of the AOPP : albumin ratio, which proved to be a more sensitive indicator of OS.
AOPP have also been proposed as markers of acute inflammation (Kalousová et al. 2005) . In humans, AOPP increase has been associated with several immuno-inflammatory markers and they have been proposed as an exquisite marker of OS correlating with monocyte activation (Witko-Sarsat et al. 1998 ). In addition, HOCl generated by myeloperoxidase activity could represent a pathway for AOPP production in plasma proteins exposed to activated neutrophils (Capeillère-Blandin et al. 2004) . Moreover, AOPP may, in turn, activate an inflammatory response and phagocyte activity (Witko-Sarsat et al. 1999 Capeillère-Blandin et al. 2004 ).
These observations imply that AOPP may be considered a marker of OS linked to phagocyte activity. Therefore, if potential pathogens are retained in the uterus for a long time after parturition, or they are introduced at AI, it is possible that an inflammatory reaction would be elicited, a consequence of this being OS and AOPP generation.
In dairy cows, OS has been associated with several pathological conditions, such as retained placenta, udder oedema and mastitis (Miller et al. 1993) . In a recent study (Kaufmann et al. 2009 ), the development of subclinical endometritis was observed in 42.8% of cows 4 days following AI. Once the uterine physical defences are breached, the next line of defence is represented by neutrophils and macrophages. In addition, leukocyte activation and vasoactive substances related to the inflammatory events can, in turn, increase blood vessel permeability such that serum may leak into the endometrial surface (Bondurant 1999; Singh et al. 2008) .
In the present experiment, differences between groups in the AOPP : albumin ratio were not evident at AI, while it was significantly higher in EM cows from Day 15. In addition, an increase in plasma MDA was observed in EM cows after Day 40. These observations suggest that OS is implicated in late EM, and the increase in plasma AOPP in EM cows might also be interpreted as an indication of sub-clinical uterine infection.
The results of the present work confirmed that AOPP and, in particular, the AOPP : albumin ratio, are more sensitive markers of OS than MDA (Witko-Sarsat et al. 1996 . On the contrary, in the present experiment tGSH measurement did not give more information about the level of OS. GSH is the most abundant non-protein thiol in mammalian cells and, in general, it can be considered as a good indicator of the blood oxidative scavenging capacity (Wu et al. 2004) . In the present study no effect of the AI outcome was observed in the level of plasma GSH and, rather, plasma tGSH concentrations seemed more related to protein and amino acid catabolism, as they showed significant negative correlations with protein fractions, glucose, triglycerides and b-hydroxybutyrate, and a positive correlation with NEFA, suggesting tissue GSH uptake for energy purposes. As a matter of fact, GSH is an important source of storage and transport of cysteine (Wu et al. 2004) , and modifications of plasma GSH have already been associated with amino acid metabolism in dairy cows (Gabai et al. 2004; Mantovani et al. 2010 ).
In conclusion, based on the temporal pattern of the AOPP : albumin ratio, there is evidence that OS is implicated in and may possibly be a cause of EM.
